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2U640 INSERM/ UMR 8151 CNRS ‘Pharmacologie Chimique et Génétique’, Paris, France and 3CellScreen Applied Research Center,
Semmelweis University Medical School, Budapest, Hungary

Background and purpose: Activation of poly(ADP-ribose) polymerase (PARP) is deleterious during cerebral ischemia. We
assessed the influence of PARP activation induced by cerebral ischemia on the synthesis of proinflammatory mediators
including the cytokines, tumour necrosis factor-a (TNF-a) and interleukin-6 (IL-6) and the adhesion molecules, E-selectin and
intercellular adhesion molecule-1 (ICAM-1).
Experimental approach: Ischemia was induced by intravascular occlusion of the left middle cerebral artery for 1 h in male
Swiss mice anaesthetized with ketamine and xylazine. The PARP inhibitor PJ34 (1.25–25 mg kg�1) was administered
intraperitoneally 15 min before and 4 hours after, the onset of ischemia. Animals were killed 6 h or 24 h after ischemia and
cerebral tissue removed for analysis.
Key results: Ischemia increased TNF-a protein in cerebral tissue at 6 and 24 h after ischemia. All doses of PJ34 blocked the
increase in TNF-a at 6 h and 25 mg kg�1 PJ34 had a sustained effect for up to 24 h. Quantitative real time polymerase chain
reaction showed that PJ34 (25 mg kg�1) reduced the increase in TNF-a mRNA by 70% at 6 h. PJ34 also prevented the increase
in mRNAs encoding IL-6 (�41%), E-selectin (�81%) and ICAM-1 (�54%). PJ34 (25 mg kg�1) reduced the infarct volume
(�26%) and improved neurological deficit, 24 h after ischemia.
Conclusions and Implications: PJ34 inhibited the increase in the mRNAs of four inflammatory mediators, caused by cerebral
ischemia. The contribution of this effect of PJ34 to neuroprotection remains to be clarified.
British Journal of Pharmacology (2006) 149, 23–30. doi:10.1038/sj.bjp.0706837; published online 24 July 2006
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Introduction

The poly(ADP-ribose)polymerases (PARP) are a large family of

enzymes that catalyze the transfer of ADP-ribose units from b
nicotinamide adenine dinucleotide (NADþ ) to protein

acceptors (Ame et al., 2004). PARP-1, the most abundant

isoform in the brain, is a constitutive enzyme involved in a

variety of physiological events such as DNA repair, DNA

replication and gene expression (Nguewa et al., 2005).

Cerebral ischemia induces strand breaks in DNA, mainly

due to oxidative stress, leading to the activation of repair

enzymes like PARP-1. Paradoxically, a large body of evidence

obtained over the past decade demonstrates that activation

of PARP-1 is a harmful event during cerebral ischemia:

various PARP inhibitors have neuroprotective effects

and PARP-1-deficient mice (PARP-1�/�) subjected to ische-

mia have reduced infarct volumes (for a review see: Chiarugi

(2005b); Jagtap and Szabo, 2005). A recent report showed

that deletion of the gene encoding PARP-2 also leads

to neuroprotection in focal cerebral ischemia (Kofler et al.,

2006). NADþ consumption and subsequent energy failure

are thought to be the primary mechanisms underlying
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PARP-mediated post-ischemic cell death (Berger, 1985).

However, more recent observations suggest a role for PARP-

1 in the release of apoptosis-inducing factor (AIF) from

mitochondria (Yu et al., 2003; Zhang et al., 2005) and in

inflammation, both of which are known to aggravate

ischemic brain damage (Chiarugi, 2005a).

In peripheral inflammation, PARP has been involved in

experimental colitis, arthritis, lung inflammation and asthma,

as well as in multiple organ failure and septic shock. PARP also

plays a role in the inflammation of the central nervous system

in multiple sclerosis. The anti-inflammatory effects of PARP

inhibitors, or of deleting the PARP gene, included decreased

oedema and leukocyte infiltration into the injured tissue (see

for review: Cuzzocrea (2005); Szabo (2006)). In cerebral

ischemia, we have demonstrated that 3-aminobenzamide

(3-AB), a PARP inhibitor, reduces the infiltration of neutro-

phils into the ischemic brains of neonatal rats (Ducrocq et al.,

2000) and adult mice (Couturier et al., 2003). Similar results

were recently reported in adult rats (Koh et al., 2005).

The pro-inflammatory action of PARP-1 has been attrib-

uted to its capacity to alter the transcription of various

cytokines and adhesion molecules implicated in edema

production and cell infiltration. However, this transcrip-

tional activity of PARP appears to be tissue-dependent. For

instance, PARP contributes to the increase of the mRNA of

the adhesion molecule E-selectin in hepatic (Khandoga et al.,

2002), but not in myocardial ischemia/reperfusion (Zingar-

elli et al., 2004). E-selectin and cytokines such as tumor

necrosis factor-a (TNF-a) and interleukin 6 (IL-6) are known

to be increased after cerebral ischemia (Berti et al., 2002).

However, there is no report, so far, on the role of PARP in the

expression of these inflammatory mediators in models of

this pathology. Furthermore contradictory results have been

reported on the involvement of PARP in the expression of

the intercellular adhesion molecule-1 (ICAM-1) in cerebral

ischemia (Koh et al., 2004; Park et al., 2004).

This study therefore investigated, for the first time, in a

model of transient focal cerebral ischemia in mice, whether

PJ34 (N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-2-(N,N-di-

methylamino)acetamide), a potent PARP inhibitor, modu-

lated the transcription of TNF-a and IL-6, and E-selectin and

aimed to clarify the role of PARP in ICAM-1 transcription.

The effect of PJ34 on brain damage was also assessed.

Methods

Animals

All animal experiments complied with the French regula-

tions on the protection of animals used for experimental and

other scientific purposes (D2001-486), and with the EC

regulations (OJ of ECL358 12/18/1986). Male Swiss albino

mice (27–32 g, Janvier, Le genest-St-Isle, France) were housed

under standard conditions with a 12 h light/dark cycle and

allowed access to food and water ad libitum. A total of 137

mice were used in these experiments.

Model of cerebral ischemia

Mice were anesthetized with intraperitoneal ketamine

(50 mg kg�1) and xylazine hydrochloride (6 mg kg�1). Body

temperature was monitored throughout surgery by a rectal

probe and maintained at 3770.51C with a homeothermic

blanket control unit (Harvard Apparatus, Edenbridge,

Kent, UK). Transient focal cerebral ischemia was induced

by occlusion and reperfusion of the left middle cerebral

artery (MCA) using an intraluminal filament technique

(Connolly et al., 1996). The left common carotid artery,

external carotid artery and internal carotid artery were

isolated through a midline cervical skin incision under

a microscope. A nylon monofilament (Drennan; diameter,

83 mm) coated with ‘thermomelting’ glue (4 mm long,

diameter 180 mm) was introduced through an arteriotomy

performed on the external carotid artery and advanced

into the internal carotid artery. Occlusion of the MCA

was controlled by monitoring the cerebral blood flow in the

MCA territory by laser Doppler flowmetry (Moor Instru-

ments Ltd, Millwey, England) for 5 min after the insertion

of the filament. Mice with less than a 50% drop in blood

flow were excluded from the studies. The filament was

withdrawn 1 h after occlusion to allow reperfusion. After

surgery, the wound was sutured and mice were returned

to their cage maintained at 291C with free access to food

and water. Sham-operated mice were subjected to the

same surgical procedure, except that the filament was not

advanced to occlude the MCA.

Neurological deficit

Sensorimotor neurological deficits were assessed by a

grip test 24 h after ischemia (Hall, 1985). Mice were picked

up by the tail and placed on a taut string 60 cm

long suspended 40 cm above a table. Grip score was

measured as the length of time (in seconds) that mice

remained on the string in some manner (using one or

more paws, tail, tail plus paws), for a maximum of 30 s.

Each experiment was conducted randomly and blindly.

Thereafter mice were killed and the infarct volume deter-

mined (see below).

Infarct volume

Mice were killed with sodium pentobarbitone (200 mg kg�1,

i.p.) 24 h after ischemia. Brains were removed and cut

into six 1-mm-thick coronal sections using a MacIlwain

Tissue Chopper (Mickle Laboratory Engineering,

Gomshall, Surrey, UK). Brain slices were quickly immersed

in 2% 2,3,5-triphenyltetrazolium chloride in 0.1 M phos-

phate-buffered saline (PBS, pH 7.4) for 20 min at room

temperature and then stored in phosphate-buffered 4%

paraformaldehyde overnight before analysis (Bederson

et al., 1986). The area of damaged parenchyma (unstained

tissue) was measured on the posterior surface of each

slice using a computer image analysis system (Imstar,

Paris, France). Each infarct area was then multiplied

by the ratio of the surface of the infarcted (ipsilateral) to

the intact (contralateral) hemispheres at the same level

to correct for brain swelling (Golanov and Reis, 1995).

The total volume of damaged tissue (in cubic millimeters)

was then calculated by linear integration of the corrected

lesion areas.
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Assays for TNF-a protein

Assays were performed at two different times. Mice were

killed, as described above, 6 or 24 h after the onset of

ischemia. Brains were removed and the ipsilateral sides of

1 mm thick coronal slices cut in the ischemic core were used

to assay the concentrations of TNF-a with a commercially

available ELISA performed according to the manufacturer’s

instructions. Briefly, ipsilateral brain slices were homoge-

nized in PBS with an Ultra-turrax homogenizer and centri-

fuged (20 min, 3000 g, 41C). The protein content of the

supernatant was determined by the Bradford assay (Bradford,

1976) and the remaining supernatant was stored at �201C.

96-well microplates were coated with anti-TNF-a capture

antibody (0.8 mg ml�1 in 50 ml PBS) and incubated overnight.

The wells were then saturated for 2 h at room temperature

with 150 ml PBS containing 1% bovine serum albumin (BSA)

and 5% sucrose. The recombinant human TNF-a standard

(twofold serial dilutions from 2000 pg ml�1 to 31.25 pg ml�1)

and the samples were diluted in 1% BSA in PBS. All reagents

were incubated for 2 h at room temperature before adding

a biotinylated detection antibody (300 ng ml�1 in PBS

containing 1% BSA) for 2 more hours. Plates were then

incubated with streptavidin conjugated to horseradish-

peroxidase for 30 min at room temperature and immunos-

tained wells revealed with tetramethylbenzidine. Staining

was stopped by adding of 25 ml 2 N sulphuric acid, and the

absorbance was read at 450 nm. Results are expressed as pg

TNF-a mg�1 protein.

Assays for mRNA for cytokines and adhesion molecules

In a separate set of experiments, mice were killed 6 h after the

onset of ischemia. Brains were removed and the ipsilateral

side of a 1 mm thick coronal slice cut in the ischemic core was

immediately placed in RNAlater RNA stabilization reagent

and kept at �801C for further extraction of total RNA using

the Rneasy kit. Total (1mg) RNA was reverse transcribed in a

final volume of 20ml containing 4ml 5� RT buffer, 20 U

RNasin RNase inhibitor, 10 mM DTT, 100U Superscript II

RNase H-reverse transcriptase, and 3 mM random hexamers.

Mixes were incubated at 201C for 10 min and 421C for

30 min, and reverse transcriptase was inactivated by heating

at 991C for 5 min and cooling at 51C for 5 min.

PCR primers were designed using Oligo6 software (Mole-

cular Biology Insights, Cascade, CO, USA). Specific primer

sets were as follows (50-30): for TNF-a, CGATGGGTTGTA

CCTTGTCT (forward) and CTTGACGGCAGAGAGGAG

(reverse); for IL-6, GACTGATGCTGGTGACAAC (forward)

and TCTCATTTCCACGATTTCC (reverse); for E-selectin, ACT

GCGAGAAGAACGGATAG (forward) and GCCACCAGATGT

GTGTAGTC (reverse); for ICAM-1, GCTTCCGCTACCATCA

CC (forward) and GCTCAGTATCTCCTCCCCAC (reverse);

and for ribosomal RNA 18S, TTGACGGAAGGGCACCACC

AG (forward) and GCACCACCACCCACGGAATCG (reverse).

For each experiment a reaction mix was prepared; the

volumes given hereafter were multiplied by the number of

capillaries that were used for the run: 2ml RNAse-free,

DNAse-free H2O, 0.5 ml forward primer (0.5 mM), 0.5ml reverse

primer (0.5 mM) and 2.0 ml Fast Start DNA Master SYBRs

Green I Master Mix. Aliquots (5 ml) of this mix were placed in

the LightCycler glass capillaries and 5 ml cDNA solution

was added to each. All solutions were processed in dupli-

cate. Capillaries were closed, centrifuged and placed in the

LightCycler (Roche Diagnostics, Meylan, France) rotor. The

LightCycler experimental run protocol was: denaturation

(951C for 10 min), amplification and quantification repeated

40 times (951C for 15 s, 681C for 6 s, 721C for 6 s (ICAM-1)

or 8 s (TNF-a, IL-6, E-selectin, ribosomal RNA 18S) with a

single fluorescence measurement), melting curve program

(60–951C with heating at 0.11C per second and continuous

fluorescence measurement), plus a final cooling to 401C.

The mRNA concentrations were normalized to that of the

ribosomal 18S RNA in each sample. Results are expressed as

fold increases in mRNA compared to those in the brains of

naive (unoperated) animals.

Experimental protocols

The PARP inhibitor, PJ34 (1.25, 12.5 or 25 mg kg�1) was

dissolved in isotonic saline (NaCl, 0.9%) and injected

intraperitoneally, in a volume of 10 ml kg�1, 15 min before

ischemia and again 4 h after the onset of ischemia. Control

ischemic mice and sham animals were given vehicle (saline).

Naive animals were also included in the studies.

Statistical analysis

Data are expressed as means7s.e.m. Differences between

groups were evaluated using one way analysis of variance

(ANOVA) followed by a Bonferroni test. For the grip test,

non-parametric Kruskall–Wallis and Mann–Whitney tests

were used. The dose response effect of PJ34 was analysed

by a linear regression. A P-value of o0.05 was considered

significant. All tests were performed with Statview 5.0

(Abacus Concepts, Berkeley, CA, USA).

Drugs and reagents

All chemicals and reagents were purchased from Sigma

Chemical Co. (Saint-Quentin Fallavier, France), with the

following exceptions. Sodium pentobarbitone was from

Centravet, Plancoet, France; paraformaldehyde from Acros,

Noisy-le-Grand, France and the PARP inhibitor PJ34 from

Inotek Corporation, Beverly, USA. The ELISA for TNF-a
(Duoset ELISA) was from R&D Systems, Abingdon, UK. Kits

for RNA extraction (RNAlater RNA stabilization reagent and

Rneasy kit) were obtained from QIAGEN, Valencia, CA, USA;

RNAse-free, DNAse-free H2O from GIBCO, Cergy-Pontoise,

France and RNase inhibitor from Promega, Madison, WI,

USA. Superscript II RNase H-reverse transcriptase was from

Invitrogen, Cergy-Pontoise, France and the Fast Start DNA

Master SYBR Green I Master Mix from Roche Diagnostics,

Meylan, France.

Results

Effect of PJ34 on inflammatory mediators

Effect of PJ34 on TNF-a protein. The concentrations of TNF-a
in the supernatants from the brains of naive mice were below
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the detection threshold. The TNF-a concentration 6 h after

the onset of ischemia was double that of sham-operated

animals (Figure 1a). All three doses of PJ34 significantly

blocked the increase in the concentration of TNF-a 6 h after

the onset of ischemia. These concentrations in PJ34-treated

ischemic mice did not differ from that of sham animals

(Figure 1a).

The TNF-a concentration in cerebral tissue was further

increased 24 h after ischemia, to almost double the value at

6 h (Figure 1b). Treatment with PJ34 produced a dose-

dependent reduction of this increase (y¼�3.491xþ187;

Po0.001) over the dose range used. However, at this time of

assay (24 h), the TNF-a concentration in mice treated with

the highest dose of PJ34 (25 mg kg�1) was still above that of

sham animals (Figure 1b).

Effect of PJ34 on mRNA for TNF-a, IL-6, E-selectin and

ICAM-1. The amounts of the four mRNAs in cerebral

tissue did not differ between naive and sham operated

animals (Figure 2) 6 h after the onset of ischemia,

TNF-a mRNA was sixfold higher in vehicle-treated ischemic

mice than in sham-operated mice (Figure 2a). PJ34

(25 mg kg�1) reduced the levels of TNF-a mRNA in ischemic

animals by 70% and these values in treated mice did

not differ from that of sham or naive animals. There

was also a 14-fold increase in mRNA for IL-6 in cerebral

tissue following ischemia (Figure 2b) and this effect of

ischemia was 41% lower in mice treated with PJ34. How-

ever, the mRNA levels for IL-6 in PJ34 treated ischemic

mice were still increased relative to those in naive and

sham animals.

The levels of the mRNAs encoding the adhesion molecules

E-selectin and ICAM-1 were also increased 6 h after the

onset of ischemia (36-fold for E-selectin mRNA and sixfold

for ICAM-1 mRNA), compared to sham-operated mice

(Figures 2c and d). Treatment of ischemic mice with PJ34

reduced the level of E-selectin mRNA by 81% and that

of ICAM-1 mRNA by 54%, compared to vehicle-treated

ischemic mice. The levels of both adhesion molecules

after PJ34 treatment did not differ from that of sham or

naive animals.

Dose–response effect of PJ34 on the infarct volume and grip score

24 h after ischemia

The fall in cerebral blood flow produced by MCA occlusion

was not statistically different among the four groups

(7972% of pre-ischemic value in the vehicle-treated

mice; 8372% in mice treated with 1.25 mg kg�1 PJ34,

7573% in mice given 12.5 mg kg�1 PJ34 and 7872% given

25 mg kg�1 PJ34).

Infarct volume was affected by treatments with PJ34

(Figure 3a) and showed a dose-dependent reduction in this

variable (y¼�0.9xþ 72.6; Po0.05). The lower doses of

PJ34 did not decrease the size of the lesion below the

vehicle-treated value, but a 26% decrease was observed with

the highest dose of PJ34 (25 mg kg�1).

The grip scores for naive and sham-operated mice 24 h

after surgery were the same for both these groups (Figure 3b).

Ischemia significantly decreased the grip score, indicating

some neurological deficit, in the vehicle-treated group of

mice, to about 60% of the score in naive mice. PJ34 increased

in a dose-dependent manner the grip scores of ischemic

animals (y¼15xþ0.5; Po0.01). The lower doses of PJ34

did not improve the grip score relative to those receiving

vehicle alone, but ischemic mice treated with 25 mg kg�1

PJ34 had a grip score that did not differ from that of naive

and sham animals.
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Figure 1 Effect of PJ34 on brain concentrations of TNF-a protein 6 h
(a) and 24 h (b) after the onset of ischemia. PJ34 (1.25–25 mg kg�1)
was administered i.p., 15 min before ischemia and again 4 h after the
onset of ischemia. Bars show means7s.e.m. and group sizes are
shown at the foot of each bar. n.s: non significant, wwPo0.01,
wwwPo0.001 vs sham mice; N.S: non significant, P¼0.07, **Po0.01,
***Po0.001 vs vehicle-treated ischemic mice (ANOVA with Bonfer-
roni post hoc test).
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Discussion and conclusion

The major finding of this study is that treatment with PJ34

decreased the raised levels of TNF-a protein and of mRNAs

for TNF-a, IL-6, ICAM-1 and E-selectin in brain tissue that

followed focal cerebral ischemia.

PJ34 is a potent PARP inhibitor that presently, has no other

known effects. PJ34 has none of the antioxidant properties

reported for other PARP inhibitors, like 3-AB (Garcia Soriano

et al., 2001). Which PARP is inhibited by PJ34 to cause the

effects described herein is not clear. PARP-1 (see for review:

Chiarugi, 2005b; Cuzzocrea, 2005; Jagtap and Szabo 2005;

Szabo, 2006) and PARP-2 (Popoff et al., 2002; Kofler et al.,

2006) are reported to have deleterious effects in focal cerebral

ischemia and to exert pro-inflammatory actions at the

periphery.

In the late 1990s, PARP was implicated in the activation of

transcription through the transcription factor NF-kB (Hassa

and Hottiger, 1999; Oliver et al., 1999) but several other

transcription factors are regulated by PARP, including

activator protein-1 (AP-1) (Ha et al., 2002). Many of the

genes whose NF-kB and AP-1 dependent transcription is

upregulated by PARP encode inflammatory mediators

including cytokines, chemokines, adhesion molecules and

enzymes (e.g.: inducible nitric oxide synthase and cyclo-

oxygenase 2) (Hassa and Hottiger, 2002; Carrillo et al., 2004;

Zingarelli et al., 2004). We first focused on TNF-a, whose

regulation by PARP had not been yet evaluated in cerebral

ischemia. TNF-a appeared to be particularly interesting

because the concentration of this cytokine is increased in

focal cerebral ischemia (Liu et al., 1994; Wang et al., 1994;

Gong et al., 1998; Lambertsen et al., 2005). TNF-a is also
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Figure 2 Effect of PJ34 on the changes in the cerebral levels of the mRNAs encoding TNF-a (a), IL-6 (b), E-selectin (c) and ICAM-1 (d) 6 h after
the onset of ischemia. PJ34 (25 mg kg�1, i.p.) was administered 15 min before ischemia and again 4 h after the onset of ischemia and the
mRNAs were determined by quantitative RT–PCR 6 h after the onset of ischemia. The mRNA concentrations were normalized to that of
ribosomal RNA 18S and expressed as means7s.e.m. The fold increase in specific mRNAs were compared to naive mice. ns: non significant,
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thought to be harmful in cerebral ischemia (Dawson et al.,

1996; Meistrell et al., 1997; Lavine et al., 1998; Yang et al.,

1999). Lastly, PARP inhibitors block the increase in TNF-a
mRNA in the spinal cord tissues of mice and rats in models of

multiple sclerosis (Chiarugi, 2002; Scott et al., 2004). The

present study showed detectable levels of TNF-a protein at

6 h and 24 h post-ischemia in sham animals in contrast with

naive animals. Thus, surgery per se seems to induce brain

inflammation. How exposure of the three carotid arteries

and the arteriotomy may induce this reaction remains to be

clarified. Ischemia induced a further twofold increase in

TNF-a that even the lowest dose of PJ34 abolished in the

early phase (6 h) after MCA occlusion. A reduction in TNF-a
at the later time of 24 h was, however, obtained only with

the highest dose of PJ34 (25 mg kg�1). This may be due to a

stronger effect and/or a slower elimination of PJ34 at this

dose. This dose of PJ34 also suppresses the increase in TNF-a
mRNA induced by ischemia.

Increased amounts of IL-6 mRNA and protein are reported

in the brain of rats subjected to cerebral ischemia (Wang

et al., 1995; Ali et al., 2000; Legos et al., 2000). The role of

PARP in IL-6 overproduction in inflammation appears to

depend on the stimulus and the type of tissue (Oliver et al.,

1999; Soriano et al., 2002; Mota et al., 2005). We have now

demonstrated that the PARP inhibitor PJ34 reduces the

increase in IL-6 mRNA caused by ischemia/reperfusion

affecting the brain. Few studies published to date have

investigated the role of IL-6 in the outcomes of cerebral

ischemia. The infarct volumes in IL-6 deficient mice are

not different from those of wild-type mice (Clark et al., 2000;

Herrmann et al., 2003). However, a recent study found that

blocking IL-6 signalling aggravated brain damage, suggesting

that endogenous IL-6 acts as a neuroprotective cytokine

in cerebral ischemia (Yamashita et al., 2005). Thus, the

consequences of the decrease in IL-6 induced by PJ34 are

difficult to evaluate.

E-selectin and ICAM-1 are required for neutrophil

adhesion and infiltration and may thus be pro-inflammatory

in cerebral ischemia by contributing to the no-reflow

phenomenon and by releasing cytotoxic mediators (see for

review: Emerich et al., 2002; Sughrue et al., 2004). E-selectin

upregulation by PARP in ischemia/reperfusion appears

to depend upon the injured tissue as mentioned in the

Introduction. Our study clearly shows that PARP is impli-

cated in the increase in E-selectin mRNA in brain tissue that

follows in cerebral ischemia. The contribution of PARP-1 to

the overproduction of ICAM-1 has been demonstrated in

models of ischemia/reperfusion affecting the liver, kidney

and heart and in experimental splanchnic artery occlusion/

reperfusion (Zingarelli et al., 1998; Khandoga et al., 2002;

Mazzon et al., 2002; Mota-Filipe et al., 2002; Di Paola et al.,

2004; Zingarelli et al., 2004; Zheng et al., 2005). However, in

cerebral ischemia, two recent studies reported contradictory

results. Immunohistochemical and Western blotting studies

by Koh et al. (2004) found that the increase in ICAM-1 after

8 h, 24 h and 72 h of cerebral ischemia was reduced by the

PARP inhibitor 3-AB. But Park et al. (2004) reported that PJ34

potentiated the increase in ICAM-1 mRNA 6 h after ischemia

and that PJ34 only blocked ICAM-1 production much later

(24 h and 72 h). We found that PJ34 markedly decreases the

ICAM-1 mRNA level after 6 h of ischemia, suggesting, as did

Koh et al., that PARP increases ICAM-1 mRNA production in

the early phase of ischemia. The discrepancies between the

three studies still have to be resolved.

Our demonstration of the drastic decreases in the mRNAs of

both adhesion molecules by PJ34 suggests that PARP influ-

ences the synthesis of adhesion molecules following cerebral

ischemia. This may explain the decrease in post-ischemic

neutrophil infiltration caused by 3-AB, another PARP inhibitor

(Ducrocq et al., 2000; Couturier et al., 2003; Koh et al., 2005).

The transcriptions of the four mediators studied here are

regulated by the nuclear factor NF-kB (Kumar et al., 2004)

that, as mentioned above, is activated by PARP. Thus PJ34

may decrease the amounts of both cytokine and adhesion

molecule mRNAs by inhibiting their transcription. PJ34 may
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also interact with other transcription factors, notably AP-1,

and so alter its influence on transcription. Finally, TNF-a is

also known to be responsible for stimulating numerous

inflammatory genes, including those studied here (see for

review: Munoz-Fernandez and Fresno, 1998). Thus, PJ34 may

have reduced IL-6, ICAM-1 and E-selectin mRNAs by a

direct effect on transcription and/or by indirectly reducing

TNF-a. However, Carrillo et al. (2004) demonstrated that the

increases in IL-6 and ICAM-1 mRNAs in murine heart cells

triggered by TNF-a were the same in both PARP-1�/� mice

and wild-type mice, suggesting that PARP does not interfere

with the action of TNF-a on the transcription of these genes.

By contrast, the same study found that the increase in

E-selectin mRNA by TNF-a was partly PARP-dependent.

Further experiments should investigate the mechanisms

involved in the effect of PJ34.

Some studies have already reported the neuroprotective

effect of PJ34 in cerebral ischemia (Abdelkarim et al., 2001;

Iwashita et al., 2004; Park et al., 2004; McCullough et al.,

2005). Interestingly in our experiment, the reduction in the

infarct volume and neurological deficit was observed only

with the highest dose of PJ34, the dose that decreased TNF-a
protein concentration at 24 h. The effect of PJ34 both on

brain damage and inflammatory mediators at longer times

after ischemia will be the subject of future studies.

The extent to which the reductions in TNF-a, ICAM-1 and

E-selectin mRNAs contribute to the neuroprotection elicited

by PJ34 in our study remains to be established. Whether or

not the reduction by PJ34 of the potentially neuroprotective

IL-6 minimized the beneficial effect of the PARP inhibitor

is another question that needs answering.

In conclusion, we found that PJ34 reduced the trans-

cription of the genes encoding TNF-a, IL-6, ICAM-1 and

E-selectin following cerebral ischemia, suggesting that

PARP plays a major role in the production of inflammatory

mediators. Further studies are needed to determine whether

limiting post-ischemic inflammation with PJ34 or other anti-

PARP strategies contributes to their neuroprotective effect.
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